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HIGHLIGHTS 


•  Ru@Si02  core— shell  NPs  are  synthesized  via  a  simple  one-pot  synthetic  route. 

•  Ultrafine  Ru  NPs  ( ~2  nm)  embedded  in  well-proportioned  Si02  nanospheres  (~25  nm). 

•  Ru@Si02  shows  a  high  activity  and  good  durability  for  H2  generation  from  NH3BH3. 

•  The  measured  activation  energy  38.2  kj  mol  1  is  lower  than  most  of  the  reported  values. 
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Ru@Si02  core— shell  structured  nanospheres  have  been  prepared  via  a  one-pot  synthetic  route  in  a  NP-5/ 
cyclohexane  reverse  micelle  system  and  characterized  by  XRD,  SEM,  TEM,  N2  adsorption— desorption, 
and  H2  temperature  programmed  desorption.  The  characterized  results  show  that  ultrafine  Ru  nano¬ 
particles  (NPs)  of  around  2  nm  are  effectively  embedded  in  the  center  of  well-proportioned  spherical  and 
porous  silica  nanospheres  (~25  nm  in  diameter).  Interestingly,  the  number  of  Ru  NPs  increases  inside 
the  spherical  particles  of  Si02  as  the  increase  of  Ru  loading.  The  as-synthesized  Ru@Si02  exhibits  high 
catalytic  activity  and  good  durability  for  hydrogen  generation  from  the  aqueous  of  ammonia  borane  (AB) 
complex  under  ambient  atmosphere  at  room  temperature.  The  hydrolysis  activation  energy  of  Ru@Si02 
was  estimated  to  be  about  38.2  kj  mol-1,  which  is  lower  than  most  of  the  reported  activation  energy 
values  for  the  same  reaction  using  many  different  Ru-based  and  other  noble  metal  containing  catalysts, 
indicating  the  superior  catalytic  performance  of  these  core-shell  structured  nanospheres. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

With  increasing  consumption  of  the  fossil  fuels,  hydrogen  en¬ 
ergy  has  attracted  more  and  more  attention.  The  search  for  safe  and 
efficient  hydrogen  storage  materials  remains  one  of  the  most 
difficult  challenges  on  the  way  to  a  hydrogen-powered  society  as  a 
long-term  solution  to  solve  energy  problems  [1-6].  Ammonia 
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borane  (NH3BH3,  AB)  is  a  stable  white  solid  with  a  hydrogen  storage 
capacity  as  high  as  19.6  wt.%,  exceeding  that  of  gasoline  and  making 
itself  an  attractive  candidate  for  chemical  hydrogen  storage  [7-11]. 
The  release  of  hydrogen  from  AB  can  be  obtained  through  thermal 
dehydrogenation  in  solid  state  [12,13],  and  hydrolysis  [7,10,14]  or 
methanolysis  [15-17]  in  solution.  Generally  speaking,  thermal 
dehydrogenation  process  requires  high  temperature  and  power 
consumption.  In  contrast,  ammonia  borane  is  able  to  release 
hydrogen  via  a  room  temperature  hydrolysis  reaction  in  the  pres¬ 
ence  of  a  suitable  catalyst.  Various  transition  metal  catalysts,  such 
as  noble  metals  Rh  [18,19],  Ru  [19-25],  Pd  [19,25-28],  Pt  [18,19,29], 
Au  [19,30],  non-noble  metals  Fe  [31-33],  Co  [4,31,34-37],  Ni  [4,37- 
41],  Cu  [31,37,42-44]  have  been  tested  for  hydrogen  generation 
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from  the  hydrolysis  of  NH3NH3,  among  which  Ru  has  been 
considered  as  one  of  the  most  activity  ones.  However,  most  of  these 
transition  metal  catalysts  in  nano-size  are  easily  aggregated, 
resulting  in  a  visible  decrease  in  catalytic  activity. 

Recently,  synthesis  of  metal  NPs  in  a  porous  material  or  in  a 
core-shell  system  has  received  much  attention  due  to  the  possi¬ 
bility  of  obtaining  monodisperse  and  ultrafine  NPs  [35,40,45-49]. 
The  encapsulation  of  metal  NPs  in  these  systems  can  hinder  the 
interaction  between  metal  NPs  and  keep  the  active  metal  NPs 
stable  even  under  hash  conditions.  Nanoparticles  (NPs)  within  sil¬ 
ica  spheres  have  attracted  increasing  interest  in  the  fields  of 
catalysis  [50,51],  absorbents  52,53],  photonics  [54,55]  and  mag¬ 
netics  [56,57  .  Various  approaches  have  been  adopted  to  prepare 
such  materials,  however,  besides  the  tedious  assembly  procedures, 
the  sizes  of  metal  NPs  in  silica  spheres  are  often  limited  by  the  pre¬ 
synthesized  metal  colloids  methods,  as  a  result  of  the  difficulty  to 
prepare  and  assemble  metal  NPs  smaller  than  10  nm. 

Herein,  for  the  first  time,  we  report  a  simple  one-pot  synthesis 
ofRu@Si02  core-shell  nanospheres,  with  ultrafine  Ru  NPs  (around 
2  nm)  embedded  in  the  center  of  the  well-proportioned  spherical 
particles  of  Si02  (around  25  nm).  The  present  method  completely 
avoids  the  metal  NPs  aggregate  through  the  protection  of  silica. 
Especially,  the  as-prepared  Ru@Si02  catalysts  exhibit  high  catalytic 
activity  and  good  recycle  stability  for  catalytic  dehydrogenation 
from  the  aqueous  of  ammonia  borane  (AB)  complex  under  ambient 
atmosphere  at  room  temperature. 

2.  Experimental 

2.1.  Chemicals 

All  chemicals  were  commercially  obtained  and  used  without 
further  purification.  Ammonia  borane  (NH3BH3,  Aldrich,  90%),  so¬ 
dium  borohydride  (NaBH4,  Sigma-Aldrich,  99%),  ruthenium(III) 
chloride  hydrate  (RuCl3-xH20,  Aladdin  Industrial  Inc,  38-42  wt.% 
Ru  basis),  tetraethoxysilane  (TEOS,  Sigma-Aldrich,  98%),  poly¬ 
ethylene  glycolmono-4-nonylphenyl  ether  n  ~  5  (NP-5,  TCI), 
ammonia  solution  (NH3-H20,  Nanchang  Chemical  Works,  28%), 
cyclohexane  (CeHi2,  Tianjin  Fuchen  Chemical  Reagent,  >99.5%), 
methanol  (CH3OH,  Tianjin  Fuchen  Chemical  Reagent,  99.5%),  and 
acetone  ((CH2)2CO,  Nanchang  Chemical  Works,  >99.5%)  were  used 
as  received.  Ultrapure  water  with  the  specific  resistance  of 
18.3  MQ  cm  was  obtained  by  reversed  osmosis  followed  by  ion 
exchange  and  filtration. 

2.2.  Catalyst  preparation 

2.2.1.  Synthesis  of  ruthenium  NPs  embedded  in  silica  (Ru@Si02) 

The  Ru@Si02  nanospheres  were  prepared  via  a  one-pot  syn¬ 
thetic  route  (Fig.  SI)  by  reversed-micelle  technique  as  follows: 
calculated  amounts  of  aqueous  solutions  of  RuCl3-xH20  (2.16  mL, 
corresponding  to  1.0,  2.0,  4.0,  6.0,  8.0,  and  10.0  wt.%  Ru  loading) 
were  rapidly  injected  into  480  mL  of  NP-5  (20.16  g)  cyclohexane 
solution.  After  stirring  at  room  temperature  for  about  15  h,  an 
aqueous  ammonia  solution  (28  wt.%,  2.16  mL)  was  injected  rapidly 
and  after  2  h,  TEOS  (2.49  mL)  was  added  rapidly.  The  solution  was 
stirred  for  2  days  at  room  temperature.  The  as-synthesized  silica 
nanospheres  were  isolated  by  addition  of  methanol  to  destabilize 
the  reversed-micelle  system  and  centrifugation  at  10,000  rpm  for 
8  min.  The  product  obtained  was  further  washed  with  cyclohexane 
and  acetone.  Then  the  as-synthesized  Ru@Si02  catalysts  were 
reduced  by  freshly  aqueous  solution  of  NaBH4  (260  mM,  10  mL).  The 
solid  Ru@Si02  was  obtained  by  drying  in  vacuum  oven  at  313  I< 
overnight. 
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Fig.  1.  Hydrogen  generation  from  hydrolysis  of  NH3BH3  (200  mM,  10  mL)  by  the 
Ru@Si02  nanospheres  (Ru  loading  =  6  wt.%  and  [Ru]  =  0.5  mM)  at  298  K.  The  inset 
shows  the  reaction  time  vs.  the  loading  of  ruthenium. 

2.2.2.  Synthesis  of  ruthenium  NPs  supported  on  silica  (Ru/Si02) 

The  Ru/Si02  NPs  in  this  study  were  prepared  by  the  conven¬ 
tional  impregnation  method.  The  commercial  Si02  (specific  surface 
area  =  200  m2  g-1,  Degussa,  99.8  %)  were  stirred  in  10  mL  of  an 
aqueous  solution  of  RuCl3-xH20  (corresponding  to  6  wt.%  loading) 
for  12  h  at  room  temperature.  Then  the  as-synthesized  Ru/Si02 
catalysts  were  reduced  by  freshly  aqueous  solution  of  NaBH4 
(260  mM,  10  mL).  The  solid  Ru/Si02  was  obtained  by  drying  in 
vacuum  oven  at  313  K  overnight. 

2.3.  Catalyst  characterization 

Powder  X-ray  diffraction  (XRD)  studies  were  performed  on  a 
Rigaku  RINT-2200  X-ray  diffractometer  with  a  Cui<a  source  (40  kV, 
20  mA).  The  morphologies  and  sizes  of  the  samples  were  observed 
by  using  a  transmission  electron  microscope  (TEM,  JEM-2010) 
equipped  with  an  energy  dispersive  X-ray  detector  (EDX)  for 
elemental  analysis.  The  TEM  samples  were  prepared  by  depositing 
one  or  two  droplets  of  the  nanoparticle  suspensions  on  to  the 
amorphous  carbon  coated  copper  grids.  Scanning  electron  micro¬ 
scope  (SEM)  images  were  carried  out  on  a  SU8020  cold  field- 
emission  instrument.  Surface  area  measurements  were  taken  by 
N2  adsorption  at  liquid  nitrogen  temperature  using  automatic 
volumetric  adsorption  equipment  (Belsorp  mini  II).  Hydrogen 
temperature  programmed  desorption  (H2-TPD)  experiments  were 
performed  on  a  Micromeritics  AutoChem  II  2920  system,  and  the 
active  surface  area  (SRu)  was  obtained  by  hydrogen  chemisorption 
on  the  same  instrument. 

2.4.  Catalytic  hydrolysis  of  ammonia  borane 

The  catalytic  activity  of  the  as-synthesized  Ru@Si02  or  Ru/Si02 
toward  hydrolytic  dehydrogenation  of  the  ammonia  borane  was 
evaluated  in  a  typical  water-filled  graduated  burette  system.  Typi¬ 
cally,  ammonia  borane  (NH3BH3,  68.6  mg,  Aldrich,  90%),  and  cata¬ 
lysts  were  placed  in  a  two-necked  round-bottomed  flask.  One  neck 
of  the  flask  was  connected  to  a  gas  burette  to  measure  the  volume 
of  hydrogen.  The  reaction  started  when  10  mL  distilled  water  was 
injected  into  the  mixture  using  a  syringe  and  the  evolution  of  gas 
was  monitored  using  the  gas  burette.  The  reaction  was  completed 
when  there  was  no  more  gas  generation.  The  reactions  were  carried 
out  at  different  temperatures  (293  K-318  I<)  with  Ru@Si02  under 
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ambient  atmosphere.  For  the  durability  test  of  the  catalysts,  after 
the  first  run  of  hydrogen  generation  reaction  was  completed, 
another  equivalent  of  NH3BH3  (68.6  mg,  90%)  was  subsequently 
added  to  the  reaction  system  and  the  released  gas  was  monitored 
by  the  gas  burette.  The  reactions  were  repeated  5  times  under 
ambient  atmosphere  at  room  temperature.  After  hydrolysis  reac¬ 
tion  test,  the  catalysts  were  separated  from  the  reaction  solution  by 
centrifugation,  washed  with  water  for  three  times  and  dried  in 
vacuum  oven  at  313  I<  overnight. 

3.  Results  and  discussion 

3.2.  Catalytic  dehydrogenation  of  ammonia  borane 

Fig.  1  shows  the  hydrogen  generation  from  an  aqueous  NH3BH3 
(200  mM,  10  mL)  solution  in  the  presence  of  Ru@Si02  (Ru 
loading  =  6  wt.%  and  [Ru]  =  0.5  mM)  at  room  temperature.  The 
catalyst  exhibits  excellent  activity  to  hydrolysis  of  NH3BH3,  gener¬ 
ating  its  theoretic  amount  of  hydrogen  (135  mL)  in  only  6  min.  The 
present  catalytic  hydrolysis  reaction  can  be  briefly  expressed  as 
follows:  NH3BH3  +  2H20  -►  NHj  +  B02  +  3H2  [18].  The  theoretical 
yield  of  hydrogen  via  this  hydrolysis  reaction  is  about  135  mL.  Fig.  1 
(inset)  shows  the  hydrogen  evolution  from  hydrolysis  of  an  aqueous 
NH3BH3  (200  mM,  10  mL)  solution  in  the  presence  of  the  Ru@Si02 
nanospheres  with  various  ruthenium  loadings  (1.0,  2.0, 3.0, 4.0,  6.0, 
8.0,  and  10.0  wt.%).  The  concentration  of  ruthenium  is  kept  as  a 
constant  of  0.5  mM  in  all  of  the  experiments  under  the  same  reaction 
conditions.  Obviously,  the  catalysts  demonstrate  different  catalytic 
activities  with  various  ruthenium  loadings.  The  reaction  time  first 
decreases  with  the  increase  of  the  ruthenium  loadings  and  reaches 
the  minimum  at  6  wt.%,  and  then  the  reaction  time  slight  increases 
with  the  continuing  increase  of  the  ruthenium  loadings.  However, 
the  molar  ratio  of  hydrolytic  generated  hydrogen  to  the  initial 
NH3BH3  is  3.0  in  the  presence  of  each  catalyst,  implying  that  all  the 
catalysts  with  various  Ru  loadings  have  high  catalytic  activity  for 
hydrolysis  of  AB  to  release  theoretic  amount  of  hydrogen.  Ru@Si02 
with  a  Ru  loading  of  6  wt.%  displays  the  best  catalytic  performance 
for  the  generation  of  hydrogen  amongst  all  the  catalysts.  The  total 
turnover  frequency  (TOF)  values  of  Ru@Si02  nanospheres  with  Ru 
loading  of  1, 2, 4, 6, 8,  and  10  wt.%  are  measured  to  be  44, 64, 89, 200, 
176,  and  160  mol  H2  min-1  moH1  Ru,  respectively,  for  the  hydrogen 
generation  from  the  hydrolysis  of  AB  ( Table  SI).  The  TOF  value  of 
Ru@Si02  (Ru:  6  wt.%)  is  lower  than  that  of  Ru/CB  and  Ru@MWCNT 
( Table  S2)  [20,22  ,  but  still  higher  than  that  of  most  reported  noble 
metal  catalysts  for  the  same  reaction  at  room  temperature  (  able  S2) 
[19,20,22-26,58-60,62]. 

Fig.  2  shows  the  plots  of  the  volume  of  hydrogen  generated 
versus  time  during  the  catalytic  hydrolysis  of  AB  (200  mM,  10  mL) 
solution  in  the  presence  of  Ru@Si02  catalysts  (Ru  loading  =  6  wt.%) 
with  different  ruthenium  concentrations  (0.125,  0.25,  0.5  and 
1.0  mM)  at  room  temperature.  When  the  ruthenium  concentration 
increased,  the  reaction  time  catalyzed  by  Ru@Si02  nanospheres 
decreased  obviously  from  25.15  min  to  3.52  min  for  complete 
hydrogen  release.  The  hydrogen  generation  rate  was  determined 
from  the  linear  portion  of  the  plot  for  each  ruthenium  concentration. 
The  plot  of  hydrogen  generation  rate  vs.  ruthenium  concentration  in 
logarithmic  scale  is  shown  in  the  inset  of  Fig.  2.  The  slope  of  the  line 
is  0.92,  which  is  closed  to  1,  indicating  that  the  catalyzed  hydrolytic 
dehydrogenation  of  ammonia  borane  by  the  Ru@Si02  nanospheres 
is  first-order  with  respect  to  the  catalyst  concentration.  The  total 
turnover  frequency  (TOF)  values  of  Ru@Si02  nanospheres  with 
different  Ru  concentrations  of  0.125,  0.25,  0.5,  and  1.0  mM  are 
measured  to  be  190,  196,  200,  and  170  mol  H2  min-1  moH1  Ru, 
respectively,  for  the  hydrogen  generation  from  the  hydrolysis  of  AB 
(Table  S3). 


Fig.  2.  Hydrogen  generation  from  hydrolysis  of  NH3BH3  (200  mM,  10  mL)  by  the 
Ru@Si02  nanospheres  (Ru  loading  =  6  wt.%)  for  the  different  concentration  of  Ru  at 
298  K.  The  inset  shows  the  plot  of  hydrogen  generation  rate  vs.  the  concentration  of 
Ru,  both  in  logarithmic  scale. 

Fig.  3  exhibits  the  time  course  of  the  hydrogen  generation  from 
AB  (200  mM,  10  mL)  in  the  presence  of  the  Ru  NPs  embedded  in 
silica  (Ru@Si02)  and  Ru  NPs  supported  on  silica  (Ru/Si02).  The 
catalytic  results  demonstrated  that  the  reaction  rate  significantly 
depended  on  the  catalysts.  As  shown  in  Fig.  3,  a  stoichiometric 
amount  of  hydrogen  (135  mL)  was  evolved  in  6  min  and  23  min, 
respectively,  in  the  presence  of  the  Ru@Si02  and  Ru/Si02  NPs. 
Clearly,  the  Ru@Si02  core-shell  nanospheres  exhibited  superior 
performance,  in  comparison  to  Ru/Si02  NPs,  for  the  dehydrogena¬ 
tion  of  AB  at  room  temperature.  The  high  activity  of  the  Ru@Si02 
could  be  attributed  to  the  encapsulation  of  Ru  NPs  in  Si02,  which 
can  hinder  the  interaction  between  metal  NPs  and  keep  the  active 
metal  NPs  stable.  While  Ru  NPs  supported  on  the  surface  of  Si02  are 
easily  aggregated,  resulting  in  loss  of  Ru  surface  area  (Figs.  S2,  S3). 

To  explore  the  activation  energy  (Ea)  of  the  NH3BH3  hydrolysis 
catalyzed  by  Ru@Si02  nanospheres,  a  series  of  experiments  with 
different  reaction  temperatures  were  performed  at  constant  molar 
ratio  of  Ru/AB.  Fig.  4  shows  the  volume  of  hydrogen  generated 
versus  reaction  time  in  the  hydrolysis  of  NH3BH3  (200  mM,  10  mL) 
catalyzed  by  Ru@Si02  nanospheres  (Ru  loading  =  6  wt.%  and 


Fig.  3.  Hydrogen  generation  from  hydrolysis  of  NH3BH3  (200  mM,  10  mL)  by  (a) 
Ru@Si02,  (b)  Ru/Si02  at  298  K  (Ru  =  0.5  mM). 
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Fig.  4.  Hydrogen  generation  from  hydrolysis  of  NH3BH3  (200  mM,  10  mL)  by  the 
Ru@Si02  nanospheres  (Ru  loading  =  6  wt.%  and  [Ru]  =  0.5  mM)  at  293-318  K.  The 
inset  shows  the  Arrhenius  plot  (In  k  vs.  1/T). 

[Ru]  =  0.5  mM)  catalysts  at  various  temperatures  in  the  range  of 
293-318  K.  As  the  temperature  increases,  the  hydrogen  generation 
rate  rises  gradually.  The  reaction  rate  constant  k  at  different  tem¬ 
peratures  was  estimated  from  the  slope  of  the  linear  part  of  each 
plot  in  Fig.  4.  The  Arrhenius  plot  of  In  k  versus  1  IT  for  the  catalyst  is 
plotted  in  Fig.  3  (inset).  From  the  slop  of  the  straight  line, 
the  activation  energy  (Ea)  for  the  dehydrogenation  of  AB  is  esti¬ 
mated  to  be  38.2  kj  mol-1,  which  is  lower  than  most  of  the  reported 
£a  values  of  many  different  Ru-based  and  other  noble  metal  con¬ 
taining  catalysts  (Table  1)  [19,20,22-26,29,58-66],  exhibiting  the 
superior  catalytic  performance  of  Ru@SiC>2  core-shell  structured 
nanospheres. 

The  stability  or  durability  is  very  important  for  the  practical 
application  of  catalysts.  In  this  sense,  the  reusability  tests  of  the 
Ru@Si02  nanospheres  (Ru  loading  =  6  wt.%  and  [Ru]  =  0.5  mM) 
were  performed.  Fig.  5  shows  the  volume  of  hydrogen  versus  re¬ 
action  time  for  the  generation  of  hydrogen  from  an  aqueous 
ammonia  borane  (200  mM,  10  mL)  solution  under  ambient  atmo¬ 
sphere  at  room  temperature.  Even  after  5  runs  of  hydrolysis,  the 


Table  1 

The  values  of  activation  energy  (Ea)  for  the  hydrolysis  of  AB  catalyzed  by  different 
catalysts. 


Catalyst 

Ea  (kj  mol  ’) 

Ref. 

Ru/carbon 

76 

[24] 

Zeolite  stabilized  Rh 

67 

[58] 

Ru/hydroxyapatite 

59 

[60] 

Zeolite  confined  Pd 

56 

[61] 

Pd— PVP— Ti02 

55 

[29] 

Pd/hydroxyapatite 

54.8  ±  2 

[62] 

PSSA-co-MA  stabilized  Ru 

54 

[25] 

RuCo/y-Al203 

52 

[63] 

AgNi  alloys 

51.5 

[65] 

Pd/reduced  graphene  oxide  (RGO) 

51  ±  1 

[26] 

Ru/carbon  black  (CB) 
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Fig.  5.  The  volume  of  hydrogen  vs.  reaction  time  for  the  generation  of  hydrogen  from 
NH3BH3  solution  (200  mM,  10  mL)  catalyzed  by  the  Ru@Si02  catalysts  ([Ru]  =  0.5  mM) 
at  sequential  runs  by  the  addition  of  equivalent  amounts  of  NH3BH3. 

activity  of  the  catalysts  has  no  obvious  decrease,  indicating  that  the 
Ru@Si02  core-shell  structured  nanospheres  show  good  recycle 
stability  for  hydrogen  generation  from  the  aqueous  of  ammonia 
borane  (AB)  complex.  In  addition,  a  scale-up  experiment  reveals 
that  the  activity  of  the  Ru@Si02  nanospheres  has  remained  almost 
unchanged  (Fig.  S4),  further  indicating  that  the  Ru@Si02  nano¬ 
spheres  has  high  catalytic  activity. 

3.2.  Catalyst  characterization 

Powder  X-ray  diffraction  (XRD)  was  performed  on  all  the 
Ru@Si02  core-shell  structured  nanospheres  after  hydrolysis  of 
ammonia  borane.  As  shown  in  Fig.  6,  all  the  XRD  profiles  for  the 
sample  of  Ru@SiC>2  nanospheres  show  only  the  strong  and  the 
broad  peaks  in  the  range  of  26  =  15-35°,  which  is  assigned  to  be 
amorphous  Si02.  Yet,  the  XRD  profiles  show  no  diffraction  line  to 
any  ruthenium  species  (Fig.  6),  probably  due  to  the  ruthenium 
particles  size  being  too  small. 

Fig.  7  shows  the  SEM  images  of  Ru@SiC>2  nanospheres  after 
hydrolysis  of  NH3BH3.  The  broad  view  of  the  sample  given  by  the 
SEM  images  shows  the  uniform  size  and  well-proportioned 
spherical  particles  of  Ru@Si02  nanospheres.  To  better  understand 
the  morphologies  and  sizes,  Ru@SiC>2  nanospheres  with  different 
Ru  loadings  were  characterized  by  using  a  transmission  electron 


Fig.  6.  Powder  X-ray  diffraction  patterns  for  the  Ru@Si02  nanospheres. 
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Fig.  7.  SEM  images  of  the  Ru@Si02  nanospheres. 


microscope  (TEM)  combined  with  an  energy  dispersive  X-ray  de¬ 
tector  (EDX).  TEM  images  for  Ru/Si02  shown  in  Fig.  S2  reveal  the 
presence  of  partially  aggregated  NPs  of  irregular  shape  with  the 
particle  size  of  around  10  nm.  As  shown  in  Fig.  8a-d,  the  TEM 
images  for  Ru@Si02  clearly  reveal  that  Ru  NPs  of  around  2  nm  are 
effectively  embedded  in  the  center  of  well-proportioned  spherical 
particles  of  SiC>2  (~25  nm  in  diameter),  in  good  agreement  with 
SEM  observation  (Fig.  7).  Interestingly,  when  the  Ru  loading  in¬ 
creases,  the  number  of  Ru  NPs  increases  inside  the  spherical  par¬ 
ticles  of  Si02  (Fig.  8a-d).  However,  when  the  ruthenium  loading 
further  increases  to  10  wt.%,  a  small  part  of  Ru  NPs  on  the  surface  of 
silica  nanospheres  were  observed.  Fig.  S5  exhibits  the  EDX  spectra 
of  the  region  marked  in  Fig.  8a.  The  EDX  spectra  shows  Ka  peaks 
corresponding  to  O  (0.53  keV),  Si  (1.74  keV),  Ru  (2.58,  19.26  keV) 
elements,  and  Cu  signals  (0.93,  8.04,  8.95  keV)  from  the  TEM  grids. 


The  EDX  analysis  confirms  that  monodisperse  and  ultrafine 
ruthenium  nanoparticles  inside  the  Si02  nanospheres. 

The  hydrogen  temperature  programmed  desorption  (H2-TPD) 
curves  for  Ru@SiC>2  and  Ru/Si02  shown  in  Fig.  S3  imply  that  the  Ru 
surface  areas  (Sru)  are  15.4  and  8.7  m2  g-1,  respectively,  in  line  with 
the  previous  TEM  characterization  (Fig.  8  and  Fig.  S2)  and  catalytic 
activity  test  for  the  hydrolysis  of  AB  (Fig.  3).  Therefore,  the  calcu¬ 
lated  TOF  values  from  Fig.  3  are  0.1285  and 
0.0591  mol  H2  min-1  m-2  Ru,  respectively,  for  Ru@Si02  and  Ru/Si02 
samples  (Ru  loading  =  6  wt.%).  Fig.  9  shows  the  nitrogen  adsorp¬ 
tion-desorption  isotherms  of  the  Ru@SiC>2  nanospheres  after  hy¬ 
drolysis  of  ammonia  borane.  Ru@Si02  core-shell  structured 
nanospheres  have  a  high  Brunauer-Emmett-Teller  (BET)  surface 
area  of  193  m2  g-1.  The  type  II  isotherms  with  a  small  hysteresis 
loop  occur  at  a  relative  pressure  of  0.8-1.0  (Fig.  9),  showing  the 


Fig.  8.  Representative  TEM  images  of  the  Ru@Si02  nanospheres  with  different  ruthenium  loadings  (a)  1  wt.%,  (b)  2  wt.%,  (c)  6  wt.%,  (d)  10  wt.%. 


298 


Q,  Yao  et  al  /  Journal  of  Power  Sources  257  (2014)  293—299 


Fig.  9.  Nitrogen  adsorption-desorption  isotherms  of  the  Ru@Si02  nanospheres.  The 
inset  shows  the  pore  size  distribution  of  the  Ru@Si02  nanospheres. 

existence  of  mesopores  and/or  macropores  in  the  samples.  As 
shown  in  the  inset  of  Fig.  9,  the  corresponding  pore  size  distribu¬ 
tion  reveals  the  irregular  pores  with  a  large  pore  diameter  formed 
in  the  SiC>2  shells.  The  pore  volume  of  the  sample  is  0.7668  cm  g_1. 
The  results  of  characterization  and  catalytic  hydrolysis  of  AB  indi¬ 
cate  that  the  silica  shell  can  keep  metal  core  NPs  stable  while  allow 
the  reactants  and  products  in  and  out  of  the  nanospheres. 

4.  Conclusions 

In  summary,  Ru@Si02  core-shell  structured  nanospheres  were 
successfully  prepared  via  a  simple  one-pot  synthesis  by  using 
RUCI3  XH2O  as  precursor  in  a  NP-5/cyclohexane  reverse  micelle 
system  at  room  temperature.  Ruthenium  nanoparticles  of  around 
2  nm  were  effectively  embedded  in  the  center  of  silica,  and  the 
number  of  Ru  NPs  increases  inside  the  spherical  particles  of  Si02 
with  the  increase  of  Ru  loading,  confirmed  by  TEM  and  EDX  char¬ 
acterization.  Especially,  Ru@Si02  exhibits  high  catalytic  activity  and 
excellent  recycle  stability  for  hydrogen  generation  from  the 
aqueous  of  ammonia  borane  (AB)  complex  under  ambient  atmo¬ 
sphere  at  room  temperature.  The  activation  energy  for  the  hydro¬ 
lysis  of  NH3BH3  in  the  presence  of  Ru@Si02  was  measured  to  be 
about  38.2  kj  mol-1  from  the  evaluation  of  kinetic  data  at  various 
temperatures,  which  is  lower  than  most  of  the  reported  activation 
energy  values  of  various  Ru-based  and  other  noble  metal  contain¬ 
ing  catalysts. 
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